Characterization of feedback sustained pulsation for WDM-SCM networks by Sackett, David
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
10-1-1997
Characterization of feedback sustained pulsation
for WDM-SCM networks
David Sackett
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Sackett, David, "Characterization of feedback sustained pulsation for WDM-SCM networks" (1997). Thesis. Rochester Institute of
Technology. Accessed from
Approved by:
CHARACTERIZATION OF
FEEDBACK SUSTAINED PuLSATION
FOR WDM-SCM NETWORKS
by
David H. Sackett
A Thesis Submitted
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in Electrical Engineering
Prof. Guifang Li
(Thesis Advisor)
Prof. _
Prof. _
Prof. _
(Department Head)
DEPARTMENT OF ELECTRICAL ENGINEERING
COLLEGEOFENGINEE~G
ROCI-l.ESTER INSTITUTE OF TECHNOLOGY
ROCHESTER, NEW YORK
October 1997
Abstract
Most continuous wave laser diodes display varying degrees of self-sustained pul
sation (SSP). This pulsation is due to an inhomogeneous cavity. Most SSP investigations
have focused on 780 ran laser diodes. In general, SSP is considered a source of high fre
quency noise. SSP has, however, been used as a subcarrier for multiplexing.
This thesis examines SSP characteristics in 1300 nm laser diodes. A 1300 nm SSP
laser diode can be used to create a Subcarrier Multiplexing (SCM) Network. The 1300
and 780 nm SCM networks can be fiber spliced to create a Wavelength Division Multi
plexing SCM network (WDM-SCM). The SSP laser diodes studied are "off the shelf
and have not been modified to enhance their SSP.
1300 nm Mitsubishi laser diodes are found to have very weak SSP. The SSP was
characterized with large linewidths (300MHz), unstable bias regions, and low pulsation
amplitude (<1 modulation). Electrical feedback was added to improve the self-pulsation
characteristics. Feedback sustained pulsation (FSP) is found to narrow pulsation
linewidth (10kHz), increase stability, and increase pulsation amplitude (95% modulation).
However, FSP from these laser diodes demonstrated little frequency tuning and non-linear
amplitude tuning. The weak FSP carrier modulation is shown to be linked to the weak
SSP characteristics. Even though these laser diodes are unsatisfactory for analog subcar
riermodulation, FSP digital amplitude modulation remains possible.
n
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1. Introduction
Self-sustained pulsation (SSP) laser diodes produce stable periodic intensity os
cillations when biased with a constant current. SSP in laser diodes has been studied since
the early
1960's.1 Much of the SSP investigations have focused on removing self-
sustained pulsation from GaAs 780 nm laser diodes. However, SSP has been found bene
ficial in specialized laser diode applications. The short coherence length of SSP laser di
odes makes them relatively insensitive to back
reflections.3SSP laser diodes are there
fore used in applications requiring low relative intensity noise
(RIN).4 SSP has also been
demonstrated as a microwave subcarrier in optical communication systems. SSP 780 nm
subcarrier multiplexing (SCM) communications have been demonstrated.
This thesis examines SSP in the Mitsubishi ML7011R 1300 nm InGaAsP single-
mode laser diode with a P-substrate buried crescent structure. 780 and 1300 nm SSP can
be multiplexed to create a wavelength division multiplexing (WDM-SCM) communica
tion network. Both types of laser diodes are inexpensive due to their wide use in com
pact-disk players and long distance optical fiber networks. An inexpensive modular high
bandwidth WDM-SCM optical fiber network can be implemented. 1300 nm SSP laser
diodes have not been investigated prior to this thesis. Feedback sustained pulsation (FSP)
is introduced to remove undesirable 1300 nm SSP characteristics.
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1.1 780 nm Self-SustainedPulsation LaserDiodes
Most continuous wave (CW) laser diodes display varying degrees of self-
sustained pulsation. Before discussing self-sustained pulsation it is useful to detail the
origin and construction of a laser diode.
'Electron (Pumping
/T^^. Stimulated
\N\T> 'Emission
o o o
Hole (Pumping
A laser diode is a p-n junction
where the bandgap energy corresponds to
a photon energy. When electron-hole
pairs recombine, a photon of wavelength
A is emitted. Figure 1-1 shows an elec
tron decaying into the valance band in the
process of spontaneous emission. Spon
taneous emission produces photons with
random phase and direction. These pho
tons are mostly absorbed within the
channel. For significant emission, the
cavity gain must increase above the cavity absorption. This is done by increasing the la
ser diode pumping (current) to the threshold current. This threshold current creates trans
parency within the optical cavity.
Cavity
ActiveArea
Figure 1-1: Energy states of simple laser diode mate
rial.
The only photons which will escape are those traveling parallel to the cavity. The
method of lasing described above would require an extremely long cavity for significant
emission. Two factors increase the gain to practical levels: stimulated emission and mir
rors. Mirrors are formed by smooth cleaving of the laser cavity. The mirrors effectively
fold the cavity thousands of times thereby stretching a small gain region. Stimulated
emission is illustrated in Figure 1-1.
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ton.
In stimulated emission, each photon stimulates the emission of an identical pho-
The two photons
have the same direction
(providing gain) and the
same phase (providing co
herence). The laser cavity
is essential in the forma
tion of self-sustained pul
sation. LED's do not ex
hibit self-sustained pulsa
tion.
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Figure 1-2: Typical laser diode CW power output.
Typical laser diodes emit light power
from one to ten milliwatts. This light is continu
ous wave and varies slowly with time. Figure 1-
3c illustrates the optical output of an SSP laser
diode. Note that the shape of this oscillation is
not sinusoidal. This pulsing shape is reproduced
in simulation and experiment. The pulsation is
characterized by the presence of harmonics at
integer multiples of the fundamental SSP fre
quency. SSP oscillation is typically in the giga
hertz (millimeter) frequency spectrum. Figure 1-
3 shows the optical pulsation of a laser diode
demonstrating very strong self-sustained pulsa
tion with a high modulation index.
a)
i
b)
C) 1(0
Wr
Figure 1-3: Illustrative self-sustained pulsa
tion.8
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SSP can be modeled as a two-section optically coupled cavity region where one
section provides photon gain and the other photon absorption. Multi-Electrode SSP laser
diodes have two homogeneous cavities with separate pumping (See Figure 1-4). Single
cavity laser diodes typically have
distributed regions of photon ab- PumpA PumpB
sorption or traps and a single
pumping electrode. The hetero
geneous cavity can be effectively
treated as two cavities. The spe
cific source of the absorption re
gion varies with the laser diode
fabrication.5'9"12
Amplification
Region A
8 Ta n,
Absorption y
i Region B
! sb tb nb
(l-h)L- -* hLl
Figure 1-4: Two section model of for self-sustained pulsation.
Region A provides net gain, Region B provides net loss.
SSP can be examined with the two cavity model proposed by J. G
Lasher1
and il
lustrated in Figure 1-4. The structure is defined by
*gx' (the respective region gains),
'xx'
(photon lifetimes), 'nx' (the photon densities), and 'h', the fractional volume of the ab
sorptive region with respect to the entire cavity. The pumping parameters are a function
ofDC bias (Idc), feedback, and modulating information signals.
SSP is governed by the classical rate equations. Adding the necessary terms to
couple the two cavities into one rate equation results in a set of nonlinear differential
equations.5Linearised solutions show complex eigenvalues with positive real compo-
nents leading to underdamped oscillations. Numerical integration confirms the existence
of the periodic orbitals shown in Figure 1-5.
13
By varying the DC pumping (Idc), the or
bits of the periodic orbitals vary. In the time domain the result is intensity modulation.
The pulse frequency and amplitude are varied with Idc-
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A simplified physical explanation is as follows." The pumping into Region A
produces net spontaneous emis
sion. The same pumping in Re
gion B produces net photon ab
sorption. However, Region A is
coupled into Region B. Therefore
the spontaneous emission from
Region A optically pumps Region
B. With proper cavity parameters
the absorbing section will saturate
faster than the amplifying section.
There will be a temporal period
where the net optical amplifica
tion in the Fabry-Perot resonator
increases with photon density.
However the steady state solution
of the laser rate equations be
comes unstable giving rise to the
self-sustained pulsation. The sec
ond cavity begins to absorb pho
tons once again. The process re
peats.
If the two regions are very
similar (almost homogeneous)
then the SSPwill be verv weak.
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Figure 1-5: Two section SSP simulation: a) Pulsation Intensity
verses time, b) Phase-plane diagram ofpulsation.13
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SSP is a form of self-induced Q-switching. Traditional Q-switching is performed
by stimulating a lasing cavity while blocking or absorbing the emitted photons. External
Q-switching typically creates short pulses spaced far apart in time. This low duty cycle is
because of the slow mechanisms turning the cavity and pumping on and off. SSP, how
ever, creates a constant stream of pulses with approximately
30%
duty cycle. By varying
the pumping ratio, \^j) , in a multi-electrode laser diode the pulse duty cycle can be
varied.
14
This thesis focuses on "off the shelf SSP in single electrode laser diodes. The
SSP in these devices is
intrinsic and has not been
enhanced by the manu
facturer. 780 and 1300 nm
laser diodes were chosen
because of their common
availability from their use
in compact-disks and long
distance communication
systems.
SSP appears as a
high frequency (gigahertz)
intensity oscillation when
o -i
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. , , j j j j power emission ofimW.the laser diode is provided H
with a constant bias cur-
Figure 1-6: Example ofweak SSP. Mitsubishi ML7011R 1300 nm la
ser diode is shown. Signal shown contains 56 dB of gain. Average
\%
rent. Investigations of 780 nm SSP laser diodes have demonstrated 80 microwave car
rier modulation with linewidths of 5 to 10
MHz.5'6 Because different manufacturing
processes create different absorption defects, the strength of SSP in a particular laser di
ode varies greatiy with laser diode architecture.
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1.2 SubcarrierDivisionMultiplexing(SCM)
Microwave subcarriers allow greater use of the available bandwidth, especially
within optical fibers. Microwave subcar
riers are traditionally created electrically;
all information signals are electrically
combined before being applied to the la
ser diode. Thus the optical system is not
providing additional bandwidth above the
electrical system. Combining the subcar
riers electrically requires gigahertz elec
trical circuits. The only benefit obtained
<sjm 'V (DS&AM
u
u
a.
GO \ rX0 1 a.TI~
Frequency
Figure 1-7: Illustrative frequency spectrum of ampli
tude modulated SSP.
by the fiber is low transmission power. The attenuation of copper over long distances at
high frequencies requires high current, heavy cables, and frequent repeaters. The low loss
of optical fiber (-0.2 dB/km) allows very low power transmission (-milliwatts) over far
distances at very low cost/km.
An SSP laser diode provides the communication network with a tunable micro
wave subcarrier which is self-generated. Aband limited signal (e.g. 100 MHz) applied to
the laser diode bias is directly modulated AND double sideband modulated onto the mi
crowave carrier. See Figure 1-7. Thus far the bandwidth used has increased, but the
o
fi.
mjm
co o 1 GHz 2 GHz 3 GHz
Frequency
Figure 1-8: Illustrative SSP SCM network frequency spectrum.
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20 GHz
transmission rate has stayed the same. A second SSP laser diode can be 'tuned' to 2 GHz
and a second channel of information can be modulated onto it. The two laser diodes are
then combined by splicing the fibers together. This subcarrier multiplexing continues
until the maximum demonstrated carrier of 20 GHz is achieved as shown in Figure 1-8.15
This optical fiber has now been increased from a 100 MHz bandwidth to 2 GHz of util
ized bandwidth without any expensive high speed electronics. A 20x effective increase in
bandwidth (1 channel into 20 channels) is achieved.
As an example, the North American Telephone system could become four times
more efficient by adding an SSP laser diode. The system typically places 4032 digital
voices on a 274.176 MHz carrier. Using a 780 nm SSP laser diode four of these lines
could be multiplexed onto an fiber link without adding any microwave
components.16
The system bandwidth would increase to 16 thousand voice channels per fiber simply by
replacing the CW transmission laser diode with an SSP laser diode.
6.312 M bit's
Channels
44.736 M bit/s
Channels -
672 Voice
Channels
Multiplexer
274.176 M bit/s
Channels
4032 Voice
Channels
Multiplexer
Figure 1-9: Example application of FM SSP using the North American Telephone
System.16
Page #8
1.3 Wavelength DivisionMultiplexing(WDM)
An SSP SCM network can be expanded in another dimension by multiplexing dif
ferent wavelengths. Laser diodes of virtually every wavelength through the visible and
near infrared bands have been demonstrated. In addition to 780nm laser diodes, a popular
and comparatively inexpensive example is the 1300 nm laser diode. These laser diodes
have widespread application in long distance optical fiber networks. An SSP 1300 nm
laser diode can replicate the SCM multiplexing shown in Figure 1-8. The 780 and 1300
nm SCM networks can then be spliced into the same fiber without interference. In this
way two SCM networks have been wavelength division multiplexed (WDM) together
into aWDM-SCM network. The usable bandwidth has now been doubled.
The network illustrated in Figure 1-9 could be further multiplexed by introducing
more optical wavelengths and splicing(multiplexing) them together. This multiplies the
number of voice channels by the number of wavelenghts used. Present technology can
create SSP laser diodes from 600 nm to 1500 nm in 10 nm increments. Such a system
could provide IVi million voices on a single fiber, or 90 gigabits per second per fiber.
This WDM-SCM network is ideally suited for local area networks within a 10 to
50 km range. The variation of wavelengths makes dispersion and attenuation significant
problems beyond these limits. The transmitter is inexpensive, and can be incorporated
into a computer plug-in card. The receiver would require a cascaded set of wavelength
and frequency filters, multiplexers, de-multiplexers, demodulators, and transmitting laser
diodes at many wavelengths. Such a device would be very expensive and ideally suited
to a centralized server regulating a large number of node terminals. The modular nature
of this network allows bandwidth expansion into more wavelenghts as network demand
increases.
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1.4 Summary
Self-sustained pulsation (SSP) results from a variable-gain-two-sectioned-cavity
model. SSP generates microwave oscillations with up to
90*
intensity modulation. This
thesis examines single-electrode laser diodes which typically display weaker SSP char
acteristics, but are commonly available. These "continuous
wave"laser diodes display
SSP when biased a few percent above the lasing threshold. The SSP amplitude and fre
quency are dependent on the value of laser diode bias current (1^). Modulation of the
laser diode bias produces both amplitude and frequency modulation of the SSP micro
wave carrier.
780 nm laser diodes have been used to demonstrate subcarrier multiplexing
(SCM) networks employing frequency-shift
keying(FSK).4' 7 These efforts have reported
SSP linewidths of 5 to 10 MHz and demodulated signal-to-noise ratios(SNR) of 25 dB
with bit error rates(BER) of 10"9. SSP frequencies have been reported up to 20
GHz.15
Experiments with 780 nm laser diodes suggest that other wavelengths should also
display self-sustained pulsation. Laser diodes of different wavelengths can be fiber
spliced and then separated using common filtering techniques. Wavelength Division
Multiplexing(WDM) greatly increases the network bandwidth of an SCM network. 1300
nm laser diodes are commonly available for their use in long distance fiber networks.
This thesis will characterize 1300 nm laser diodes to demonstrate the feasibility ofWDM-
SCM SSP networks.
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2. Characterization of 1300 nm SSPLaser Diodes
In order to demonstrate a WDM-SCM SSP network, laser diodes with wave
lengths other than 780 nm must be characterized. 1300 nm laser diodes are explored due
to their abundance. The data presented in this thesis was obtained from one of three Mit
subishi ML7011R InGaAsP single-mode laser diodes with a p-substrate buried crescent
structure. These fiber-coupled laser diodes provide CW output power of 1.0 mW with a
threshold current of 9-* 1 1 mA.
One diode, designated *74, was used to collect all of the data presented in all ta
bles and figures. The other laser diodes were used to verify trends and serve as a backup
in the case of catastrophic damage to laser diode #74. The backup laser diodes mimicked
all trends discussed in this thesis. The measured effects are due to the laser diode con
struction and are not peculiar to laser diode #74. All data plots presented are reproduc
tions of instrument data points that were acquired with the GPIB bus and analyzed with a
computer.
Page*
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2.1 Diagram andDescription
Modulation
Signal S(t)
HP8657B
Receiver"!
PD HP8593EMicrowave AnalyzerCO /
Laser Diode
Controller
Idc
AnritsuMS9001Bl
Optical Spectrum
Analyser
Equipment List:
Input Signal: Hewlett Packard HP8657B
Microwave Spectrum Analyzer Hewlett Packard HP8593E
Optical Analyser: Anritsu MS9001B1
Photodector: New Focus 1414
Laser Diode: MitsubishiML701 1R
Optical Power Meter: Newport 835
Power Combiner/Divider Hewlett Packard HP11667B
Amplifiers: Miteq AMF-4D-0001 180O-33-1OP
LD Controller: SeaStar TC-5000
Figure 2-1: Experimental system diagram for self-sustained pulsation.
Figure 2-1 shows the physical experimental system used to explore the self-
sustained pulsation (SSP) laser diodes. The transmitter of the system was a Mitsubishi
ML7011R laser diode temperature stabilized at 20C using a thermal electric cooler
(TEC). This laser diode is sold as an "off the shelf " continuous wave laser diode. The
laser diode bias, Idc, and temperature were regulated by a SeaStar TC-5000 laser diode
controller. Amodulating
'information'
signal can be added to the DC signal using a bias-
tee. The transmission medium is optical fiber with a 3 dB splice to an optical spectrum
analyzer. The other half of the laser diode output signal is received by a 25 GHz band
width New Focus 1414 photodetector. The electrically weak signal is passed through a
Miteq 18 GHz amplifier and fed into the HP8593E microwave spectrum analyzer.
Page
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2.1.1 System Bandwidth
It is necessary to analyze the bandwidth limitations of the system shown in Figure
2-1. Once the system bandwidth and noise have been characterized they can be separated
from the experimental data. The various system components have rated bandwidths of
minimal distortion.
Fiber Cabling >100 GHz on 1300 nm carrier.
Photodiode Receiver 25 GHz
MiteqAmplifiers: 18 GHz
Dividers/Combiners: 20 GHz
SpectrumAnalyzer: 22 GHz
The limiting system device is the 18 GHz amplifier. This will limit the minimum
pulse width to roughly 56 picoseconds. This frequency restriction is not found to limit
the data measurement. One element not mentioned above is the laser diode.
The laser diode was not designed for high speed {-GHz) applications, so that im
pedance matching and other common high frequency components are absent. The ability
of the laser diode to be modulated at high frequencies was determined experimentally.
Before analyzing the laser diode itself, the response of the spectrum analyzer to a well
behaved source was recorded. Figure 2-2a shows the spectrum when the spectrum ana
lyzer is connected directly to the function generator. The smooth and attenuated section
was produced even at the slowest sweep time and lowest RBW(Resolution Bandwidth) of
the spectrum analyzer. The smallest
'window'
of the spectrum analyzer is limiting the
smallest displayable spectrum width. This windowing function is masking even the
source noise, which is why it appears so smooth. Fortunately 8 kHz is greater resolution
than required for the experiments performed.
The function generator signal was then injected into the laser diode pumping us
ing the bias-tee. Figure 2-2b shows that the laser diode successfully reproduced the
source signal more accurately than the spectrum analyzer can delineate. Note that Figure
2-2 shows the system under direct modulation and does not correspond to SSP. Figure
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2-2c displays some system distortion. These sidebands can be linked to physical system
dimensions and varied throughout the experiment.
Figure 2-2d shows the full spectrum of the laser diode response with harmonics at
multiples of the fundamental frequency. These harmonics suggest that the microwave
carrier is not a sinewave but a pulse train. The carrier harmonics shown in Figure 2-2d
can be seen to rest on a pedestal of amplitude noise caused by RIN (Relative Intensity
Noise or spontaneous emission amplification). 17 The RLN is broadband and constant
across the harmonics. Temporal fluctuation is not significant.
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Figure 2-2: a) Resolution bandwidth limiting of a function generator sinewave by the spectrum analyzer
centered about 4 GHz using a 25 fc/fz span, b) Resolution bandwidth limiting of a function generator sine
wave by the system using a 25 kHz Span centered about 4 GHz c) System BW using 500 kHz span cen
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2.2 Pulsation
Slowly varying the current bias to the Mitsubishi laser diode creates the quasi-
static continuous wave output whose
L-I curve is illustrated in Figure 2-3a.
SSP laser diodes also produce a mi
crowave intensity oscillation as
shown in Figure 2-3b. Quasi-static
plots of the oscillation characteristics
are shown in Figure 2-5. The laser
diode power at the end the fiber is
therefore of the form:
Pssp=204juW
+ 135pWcos(6)ct + 0l) (2.2-1)
+ 4.28/7Wcos(2coct + 62)
where 6\ and 62 are unknown.
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Figure 2-3b shows a 15 dB
CNR(Carrier to Noise Ratio) with a
200 MHz linewidth. Previous inves
tigations of 780 laser diodes have
demonstrated an SSP CNR of 55 dB
and linewidths as narrow as 5
MHz.3"6
Comparatively, the Mitsubi- SSp output with rD(>25 mA.
shi SSP laser diodes produce weak SSP.
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Figure 2-3: a) Average output of an SSP laser diode, b)
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Figure 2-4 shows the spectrum of the SSP with a narrowed span and RBW. The
'SSP" is actually several
closely spaced frequency
components. A more pre
cise linewidth would be
~300 MHz. This fine
structure was not revealed
in the preliminary re
search. This SSP fine
structure is not observed
in typical 780 nm SSP la
ser diodes.
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Figure 2-4: Zoom of SSP of Figure 2-3b.
Traditional laser diode communication networks employ direct modulation re
sulting in base-band amplitude modulation. Direct modulation utilizes only several hun
dred megahertz of the available frequency spectrum of a fiber communication network.
Direct modulation of an SSP laser diode also modulates the microwave carrier. It is nec
essary to create a quasi-static mapping of the SSP microwave carrier to understand its
modulation characteristics.
Figure 2-5 shows the amplitude and frequency trends of the SSP fundamental.
The gaps shown in Figure 2-5a are regions of unstable SSP called Transient Self-
Pulsation (TSP).
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The frequency of the SSP
trend. This is contrary to pre
vious reports of a square root
relationship. The cube root
relationship looses its accuracy
as the SSP frequency begins to
saturate. This upper threshold
was taken to be 36 mA, where
40 mA was the highest L^ rec
ommended to avoid cata
strophic laser diode damage.
is shown in Figure 2-5c to follow an (IDC 1 Threashold >^
The broad nature of the
SSP spectrum makes it diffi
cult to accurately measure am
plitude and frequency. 60 dB
of amplification was used in an
attempt to better reveal the
nature of the SSP. A third
harmonic was pushed above
the noise floor (See Figure 2-
6). The SSP is now clearly
seen to rest on a large and wid
ening pedestal of RIN
noise.17
In strong SSP laser diodes a
narrow band frequency com
ponent far larger than the RTN
a) LD Bias Current (mA)
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Figure 2-5: SSP amplitude and frequency trends vs. Idc; a) SSP
Amplitude response and TSP regions, b) SSP frequency response.
c) SSP frequency response normalized to SSP threshold.
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has been observed.
The SSP of the
Mitsubishi ML7011R laser
diodes is too weak for use
in communication modu
lation. The CNR is too
low, and the BER would
be too large. Feedback
will be added to the sys
tem to compensate these
problems.
Frequency (GHz)
Figure 2-6: Frequency spectrum of an excessively amplified SSP laser
diode.
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2.3 Transient Self-Pulsation
There are bias regions where the laser diode pulsation is not stable. The laser di
ode pulsation will slowly decay below the noise floor. The laser diode is exhibiting tran
sient-self pulsation (TSP) in these
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regions. The TSP regions are
mapped out in Figure 2-7a. TSP
appears when the current is first
tuned to that TSP location or
when the laser diode is first
turned on. The TSP slowly de
cays below the noise floor. This
decay process is illustrated in
Figure 2-7b. The signal labeled t,
was taken just after the laser diode
was turned on and resembles SSP.
The TSP signal was captured
again at tj, 35 seconds later. The
TSP had vanished completely af
ter 45 seconds. TSP is an over-
damped oscillation region.13The
border between these regions is . _ .6 Figure 2-7: a) Regions ofTSP. b) Decaying TSP after 35 sec-
history dependent. When biased onds-
very close to an SSP/TSP border, TSP will occasionally diminish and SSP will subse
quently rise nearby in an SSP region.
TSP is an undesirable quality for analog modulation. Modulation passing through
TSP regions may be distorted. Feedback will be added to stabilize the pulsation within
the TSP region.
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2.4 Summary
1300 nm SSP has been characterized. A small SSP component of less than 1%
modulation depth was found to have a linewidth of 300MHz and consists of a fine struc
ture of 150 MHz spacing. A 2nd harmonic of negligible amplitude was observed at >30
dB below the fundamental component. The fundamental frequency was observed to be
i
dependent on the bias current as (IDc - Ithreashoid) 3 until frequency saturation.
Bias regions were identified where the laser diode pulsation decayed below the
noise floor within 60 seconds. These TSP regions have not been reported prior to this
research. Such regions are undesirable for two reasons 1) They limit the available regions
for frequency tuning in a frequency subcarrier multiplexing scheme. 2) TSP regions might
distort modulation when the AIdc passed through the TSP current region.
In conclusion, 1300 nm SSP in Mitsubishi ML7011R laser diodes are found un
satisfactory for use in SSP communication schemes because of the following:
1) Low carrier amplitude modulation depth; 1%,
2) Broad carrier linewidth; 300MHz,
3) TSP regions; possible distortion during analog modulation.
The 780 nm laser diodes previously investigated have demonstrated SSP modula-
tion depths of 80 with linewidths as narrow as 5 MHz. ' It is proposed to add electrical
feedback to reduce the inadequate SSP characteristics in these 1300nm laser diodes. The
following section characterizes this Feedback Sustained Pulsation(FSP). FSP for 1300
nm laser diodes has not been reported prior to this research.
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3. 1300 nm Feedback Sustained PuIsation(FSP)
The Mitsubishi 1300 nm laser
weak SSP with modulation depths
less than 1% and linewidths of 300
MHz. One way to improve the SSP
characteristics is to introduce elec
trical feedback proportional to the
optical intensity output.3,18"*20
A portion of the signal from
the receiver photodiode is electri
cally added to the laser diode
pumping bias. At constant pumping,
an SSP laser diode creates an oscil
lating photon density. Varying elec
trical feedback in phase with the self
induced photon oscillation enhances
SSP. Figure 3-1 shows the effect of
adding electrical feedback to the SSP
laser diode. As predicted, the
modulation depth is increased to 95*
and the harmonics are clearly visible.
diodes have been examined and found to demonstrate
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Figure 3-1: Affect of feedback pumping on self-sustained pul-
sation(FSP); a) Open loop SSP. b) Closed loop FSP.
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3.1 Diagram andDescription
Modulation
Signal S(t)
HP8657B
HP8593E
Microwave
Analyzer
Tektronix 11801
Oscilloscope
Output
Signal
0(t)
Feedback |
COM
Transmitter |
Bias-
Tee
Network |
Receiver |
Laser Diode
Controller AnritsuMS9001Bl
Optical Spectrum
Analyser
Equipment List:
Input Signal: Hewlett Packard HP8657B
Microwave SpectrumAnalyzer: Hewlett Packard HP8593E
Oscilloscope: Tektronix 11801
Trigger Head: SD-51
Detector Head: SD-26
Optical Spectrum Analyzer Anritsu MS9001B 1
Variable Attenuator Hewlett Packard HP8494B
Laser Diode: Mitsubishi ML701 1R
Optical Power Meter Newport 835
Power Combiner/Divider Hewlett Packard HP1 1667B
Amplifiers: Miteq AMF-4D-00011800-33-10P
Photodector: New Focus 1414
LD Controller: SeaStar TC-5000
Band Pass Filter: K&L 4FCT-2000/4000-1-O/O
Figure 3-2: FSP experimental system diagram.
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Figure 3-2 shows the FSP experimental setup. The SeaStar TC-5000 power sup
ply maintains a nominal current to the laser diode. The laser diode was biased above the
threshold current. Unless otherwise specified, the laser diode was biased at 25 mA. The
Mitsubishi ML7011R fiber pigtailed laser diode then generates self-sustained pulsation
across approximately one meter of fiber-optic cable. The fiber is spliced, supplying half
of the power to the Receiver Section and the other half to the Anritsu MS9001B1 optical
spectrum analyzer. The front-end of the receiver is a 25 GHz New Focus 1414 photode-
tector. The photodiode converts the optical SSP into an electrical microwave signal. This
weak electrical signal passes through aMiteq 18 GHz amplifier with a gain of 30 dB.
The HP11667B dividers produced 6 dB splits. As a result, only lA of the received
signal is passed to the Tektronix 11801 Oscilloscope and HP8593E Microwave Analyzer.
The remaining lA of the received signal is passed to the Feedback Section and is bandpass
filtered. Several bandpass filters were used, but it may be assumed that a narrow band
width (1%) tunable cavity bandpass filter was used unless otherwise specified. The feed
back filter was tuned to the fundamental frequency of the SSP.
The variable attenuater in the feedback loop allows adjustment from very strong
to negligible feedback, in which case the FSP relapses into SSP. The filtered feedback
signal is amplified and fed into the RF port of the bias-tee. The laser diode was not im
pedance matched to the bias-tee. The percent of the feedback signal successfully coupled
into the laser diode remains undetermined. The feedback signal was sufficiently coupled
to induce FSP. A modulating signal can be added to system using the combiner in the
feedback loop.
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3.1.1 Feedback Filtering
If the feedback loop is strongly attenuated, then the system exhibits SSP. In
creasing the feedback power restores the FSP (Feedback Sustained Pulsation). Increasing
the feedback further will cause the system to be unresponsive to the laser diode bias ad
justments. Still further feedback powers result in SSP once again. This final state was
not attainable with the used experiment apparatus, although it has been observed in 780
nm laser diodes. The threshold between SSP and FSP is a critical parameter and depends
on the laser diode biasing. Once FSP is reached, further feedback amplification provides
no FSP improvement. Therefore Pinj is minimized to avoid the risk over-feedback since
Figure 3-3: P^ vs. 1^. showing FSP/SSP feedback power threshold at the bias-tee for the Mitsubishi
ML701 1R laser diode.
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over-feedback will reduce the modulation depth of any source signals.
The amount of power required to sustain FSP varies with each laser diode. The
trend is similar in all SSP laser diodes and is shown in Figure 3-3. The region above the
threshold line represents a system output of FSP. The region below the line signifies in
sufficient feedback levels and results in SSP output. FSP collapse manifests in a broad
region of narrow spikes that are chaotic in amplitude and frequency. The collapsed am
plitudes are well below the FSP signal level amplitude, but tend to be greater than the
SSP amplitude.
To focus the feedback effects, the feedback loop contains a narrow bandpass fil-
ter(BPF) as seen in Figure 3-2. This filter provides harmonic suppression and fine tun-
ability of the fundamental FSP frequency. Figure 3-4 shows the signal after filtering. The
filtered signal is fedback into the laser diode creating FSP from SSP. The feedback filter
does not cause the line-
width reduction. The car
rier bandwidth reduction is
present even without the
filter. Several micro-strip
microwave filters were
designed, built, and im
plemented at earlier stages
of this investigation. The
in-house filters produced
FSP similar to the pur
chased tunable bandpass
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filter. The tunable band-
Figure 3-4: Filtered FSP feedback signal.
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pass filter was used for the experimental data because of smooth frequency tunability
across several gigahertz.
Previous experiments suggested that the feedback filter would supply frequency
stability and repeatability in the FSP frequency fine tunability. The Mitsubishi ML7011R
laser diodes, however, exhibit a very strong dependence on the feedback filter frequency.
This is due to the weak and broadband SSP observed in these laser diodes. The FSP fun
damental frequency finds the lowest frequency where the feedback power still satisfies
the FSP threshold shown in Figure 3-3. The feedback signal begins at the SSP frequency,
however, it will drift to lower frequencies until it can no longer do so without reverting
the system to SSP. This occurs with a resolution of integer multiples of the feedback loop
electrical length. The FSP cannot drift far from the SSP frequency because the loss of the
original SSP energy would cause the feedback loop power level to drop below the mini
mum FSP feedback injection level. Thus in strong SSP laser diodes, the feedback acts to
pull the unreliable SSP frequency over to a nearby and repeatable frequency. The exact
frequency is then strongly dependent -on the laser diode bias which moves a significant
proportion of the feedback injection power by tuning the SSP. In the weak SSP Mitsubi
shi laser diodes studied, the SSP power levels were insignificant when compared to the
minimum feedback injection power. Therefore, the current bias will have very little effect
on the FSP frequency.
FSP is not merely an over-feedback of noise creating oscillation dependent solely
on feedback filtering. This fact is demonstrated by two observations: First, FSP fre
quency is still tunable by varying the laser diode bias current, subsequently varying the
SSP frequency. The tunable region is dependent on the product of the SSP amplitude and
feedback loop gain. Secondly, a separate over-feedback was observed. When the gain in
the feedback loop is too high, either the feedback will collapse back into SSP or the fre
quency becomes untunable. In the latter case, changing the laser diode bias current will
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cause a frequency shift; but when the tuning is halted, the frequency returns to the origi
nal position as determined by the feedback loop filter. The re-alignment will occur within
a few seconds and is visibly observable. At this point the system is no longer displaying
FSP. Excessive gain does not appear to benefit the FSP characteristics therefore feedback
gain was always reduced to the minimum possible without collapsing into SSP.
The weak SSP/FSP interaction provided some interesting observations. Since the
FSP was largely independent of the SSP energy, it was possible to observe BOTH FSP
and SSP at the same time. This only occurred under extreme conditions. Under these
circumstances both the FSP and SSP were tunable by varying Idc- Interestingly the SSP
characteristics were altered by the FSP in the laser diode. The SSP fundamental compo
nent was not where it was predicted to be by the Quasi-Static mapping, Figure 2-5b on
page 17. The FSP amplitude was increased by tuning bias current until the SSP frequency
overlaps exactly on the FSP. This phenomenon is not observed in laser diodes displaying
strong SSP characteristics to begin with.
The feedback loop effectively transformed the SSP to FSP which has:
1) Improved modulation depth;
1%
- 95%,
2) Reduced carrier linewidth; 300MHz - 10 kHz,
3) No TSP.
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3.2 Linewidth
As seen in Figure 3-5a & b, the
line-width of FSP is greatly reduced
below that of SSP. Figure 3-5c shows
the fine structure off the SSP appearing
again in FSP. The fine structure now
has only 25 kHz spacing and falls off at
10 dB increments. The continued pres
ence of a fine structure suggests that its
source is the laser diodes. This fre
quency spacing is much smaller than
that defined by the electrical length of
the feedback loop.
The linewidth of the center fre
quency component is under 10 kHz.
This carrier can be considered an ideal
carrier since a meaningful modulation
will utilize frequencies around 100
MHz. The FSP carrier shape will there
fore effectively be a delta function in
the frequency domain. The exact nature
of the linewidth reduction is left for a
future investigation.
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3.3 Tunability
It was shown in Figure 2-5, that the SSP fundamental was tunable over 5 GHz and
the amplitude was relatively constant. Large frequency tunability is desired for network
applications. Figure 3-6 shows the tunability of the Mitsubishi ML7011R laser diode
with feedback. The frequency is only tunable over 3V2MHz. The poor tunability is due to
the low power levels of SSP. The SSP comprises only a small proportion of the total
minimum feedback power. In ad
dition the FSP amplitude varies
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3.4 CarrierHarmonic Suppression
The FSP harmonics, shown in Figure 3-7, are an obstacle to frequency division
multiplexing. Equation 3.4-1 rep
resents the instantaneous optical
power equation of the FSP at the
fiber end. The high-order har
monic content greatly reduces the
bandwidth available for subcarrier
multiplexing. For instance, if the
modulation of the fundamental
component overlaps the modula
tion of the second harmonic, ali
asing occurs.
Figure 3-7: Typical FSP frequency spectrum.
PFSP = 209//W + 92.10 juWcos(0)c t + dx) + 42.19 //Wcos(2c t + d2) +
+ 2455 fiWcos(3c t + 03) + 1 1.35 juW cos(4o)c t + 64)+ ( 3.4-1 )
+ 1 1.35 juW cos(5ac t + 65) + 14.29 {iWcos(6coc t + 66) + 150 juW cos(7ac t + Bj)
As shown Figure 2-2d the
carrier harmonics are also present
in direct modulation. It was
found that varying the direct
modulation, revealed regions of
reduced
harmonics.21 Similar re
sults are obtained in an SSP laser
diode by varying the Idc and the
feedback injection power. The
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trade-off is a lower fundamental Figure 3-8: Minimum FSP harmonics at minimum feedback
with Idc near LD threshold.
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power. It is not possible to reach many of the direct modulation 'minimum harmonic bias
regions'because of the restrictions on FSP parameters detailed in Figure 3-9c. Namely,
the limited feedback power and limited frequency range of the FSP. If the feedback is
reduced too far, then the FSP will collapse into SSP. The frequency is controlled by the
feedback filter and is smoothly tunable, however frequency dependent effects were mini
mal. In addition, reducing Idc will reduce the average power, which can also produce
significant problems in network multiplexing.
Figure 3-8 shows the maximum harmonic suppression achieved. Idc was reduced
to 15 mA, very close to the SSP threshold current. The injected power was lowered to 13
dBm as suggested by Figure 3-9c. This operating point produced a
2nd harmonic of 33 dB
below the fundamental frequency component. This voltage waveform is shown in Figure
3- 12a.
a) Fundamental (2.8 GHz) Power vs. Idc and Pinj
Idc (mA)
b) Fundamental (2.85 GHz) Power vs. Idc and Pinj
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Figure 3-9: The FSP fundamental frequency component with varying 1^ and P^; a) 3-D plot of trends.
b) 2-D focus on P^ 0 -> 10 dBm. c) Focus on theMinimum feedback required to maintain FSP.
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There are several drawbacks to this operating point:
1) The average optical power is reduced to less than 100pW.
2) The fundamental component has been reduced from a CNR of 70 dB to 40 dB.
3) The second harmonic may increase as the fundamental is modulated, taking
the bias current up to larger regions.
Figure 3-9a shows the effect of varying the P;nj and Idc on the FSP frequency
component. The funda
mental carrier power is
unaffected by varying laser
diode bias. Figure 3-9b
highlights this independ
ence. Figure 3-9c high
lights the minimum feed
back power need to main
tain FSP. Similar plots for
the harmonics are useful
Figure 3-10: Harmonic amplitudes with varying Feedback injection. IDc
once a feedback power has = 14 mA.
been selected.
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Figure 3-10 reveals reduced high-order harmonics with lower Pinj. Therefore the
FSP system should be operated at the minimum feedback power possible while main
taining FSP (Figure 3-9c). This will minimize the high-order harmonics.
Figure 3-11 shows the weak dependence of FSP harmonic components on IDC, ex
cept near threshold. Once an operating point (bias IDc) has been chosen, Figure 3-10 and
Figure 3-11 can be used to estimate the distortion from the carrier harmonics.
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The presence of strong harmonics in FSP is problematic for SCM networks. Op
tical filters able to remove the harmonics have not been demonstrated. The high-order
harmonics are reduced with lower laser diode bias currents. It is desirable to operate the
system at the lowest IDc possible for SCM communications. However, there are other
applications which can utilize the harmonics. In which case the device can be operated at
elevated Idc to maximize harmonic generation.
Idc (mA)
22 24
Fundamental
o 2dn Harmonic
* 3ni Hannooic
X4th Hamnic
x-SthHansonic
o 6th Harmonic
I 7th Hansmic
Figure 3-11: Harmonic amplitudes with varying Idc. Pinj =10 dBm.
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3.5 Time DomainAnalysis
The SSP signal amplitude was too close to the noise floor level to be measured
using an oscilloscope. The FSP
amplitude was large enough to
provide stable traces on a high
speed oscilloscope. A Tektronix
11801 40 GHz digital oscilloscope
was used to produce the time do
main waveforms shown in Figure
3-12.
Figure 3-12 shows three
time domain plots at minimum,
middle, and maximum Idc bias
currents into the laser diode.
The high-order harmonics create
pulses rather than sinewaves.
These pulses correspond well
with the simulated results based
on the simple physical two-
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Figure 3-12: FSP time response; a) ldc=14.0 mA b)
Idc=25.0mA c)Idc=40/nA
The experimental wave
forms display a duty cycle of approximately 25*. The pulses oscillate from nearly zero
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milliwatts to twice the average current value measured in Figure 3-13. Note that Figure
3-13 for FSP is exactly the same
as Figure 2-3a (pg. 15) for SSP.
Thus the average optical power
remains the same for SSP and
FSP, but SSP is virtually CW and
FSP is a pulse train. The mean
signal voltage in Figure 3-14a re
mained fairly constant with re
spect to Idc even though the average optical power increased
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Figure 3-13: Measured optical intensity vs. IDC bias current for
FSP.
Figure 3-14b shows that
the pulse width remains at about
75 picoseconds. Except at very
low and high Idc where the pulse
shape degrades.
Figure 3-15 shows the
peak-to-peak amplitude as a func
tion of DC bias. The shape of the
voltage amplitude modulation is
very similar to the optical power
plot shown in Figure 3-6a on page
29.
a) 164 T
22 25 28
Idc (mA)
31 34 37 40
b) 100 -r r 1 r-
EA
a.
v
en
"3
a.
90
80
70
60
x
x i
X
r ./:
-^--r
!<?"?<rirx-x**^
A
-X-- X-l
13 16 19 22 25 28
Idc (mA)
31 34 37 40
Figure 3-14: FSP pulse measurements; a)Mean voltage b)
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The time domain characterization of FSP confirms the characteristic of FSP in the
frequency domain. Exact pulse shapes are obtained as well. The pulse period does not
significantly vary with DC bias. The amplitude dependence on DC bias is non-linear as
well.
400
26 30
Idc (mA)
22 26 30
Idc(mA)
Figure 3-15: Pulse amplitude vs. Idc", a) Peak and trough of
pulsation, b) Peak-to-Peak of pulsation.
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3.6 Modulation
3 6
0
Frequency (GHz)
9 12 15 18 21 24
Employing a feedback loop produces a reduced linewidth and high microwave
carrier amplitude. As shown in Figure 3-16, several harmonics of diniMshing amplitude
are also enhanced. All harmonics
will be modulated. Observed
modulation is predominantly AM
due to the weak FSP FM modula
tion. The amplitude modulation
is non-linear with respect to Idc-
The observed modulation is non-
trivial and is show in Figure 3-17
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The microwave carrier is
modulated by superimposing an Figure3-16: Typical FSP frequency amplitude spectrum.
information signal of several
megahertz onto the DC bias via the bias-tee. The laser diode pumping is described as:
*
pumpingta. (') = /;+/DC inputsignal (t) + l feedback (0 (3.6-1)
It is assumed that the high frequency terms are obeying the same characteristics as
the quasi-static FSP trends shown in Figure 3-6 on page 29. The AC characteristics are
assumed to obey the FSP DC characteristics. This assumption is based on the fact that
the modulation frequency is orders ofmagnitude lower than the optical carrier frequency.
Therefore effects fromDC through megahertz are expected to be similar and linear.
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Placing a tone signal as
the source input S(t) as shown in
Figure 3-2 (page 22) results in
distorted modulation that is not
recognizable as typical AM or
FM. Figure 3-17 shows the FSP
modulation from a 100 MHz
modulating tone. The fundamen
tal modulation is a complex com
bination of AM and FM modula
tion. This nonlinear system is not
completely separable as shown in
simulations
22
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Figure 3-17: Modulated FSP spectrum, a) Fundamental and
several harmonics, b) Fundamental component modulation.
c) Third harmonic modulation.
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3.7 Summary
1300 nm FSP(Feedback Sustained Pulsation) has been demonstrated and charac
terized. Feedback was introduced to improve the undesirable SSP characteristics as fol
lows:
1) Improved modulation depth;
1%
- 95%,
2) Reduced carrier linewidth; 300MHz * 10 kHz,
3) Elimination ofTSP.
Despite the elimination of the undesirable SSP characteristics, the fundamental
problem of weak SSP carrier modulation renders the FSP characteristics suitable only for
digital AM.
The FSP feedback loop was characterized. The relationship ofminimum feedback
injection power required to sustain FSP (Figure 3-3, page 24) was found to be critical in
explaining the undesirable FSP characteristics. Due to the weak SSP levels the required
feedback injection was much greater that the SSP power contribution. The resulting FSP
fundamental frequency was dependent on the lowest frequency of the feedback loop that
still satisfied Figure 3-3. In laser diodes displaying stronger SSP
(~80%
carrier modula
tion) the feedback frequency displays far stronger dependence on the laser diode bias cur
rent.
Reducing the feedback injection current level was found to minimize the high-
order harmonic contents in the subcarrier with little impact on the fundamental carrier
frequency. As a result, the feedback loop should always be operated close to the mini
mum power level required by Figure 3-3.
Page *39
The quasi-static FSP subcarrier amplitude was found to be highly non-linear with
respect to Idc- Therefore the FSP is not useful for analog amplitude modulation. Due to
the weak SSP, the frequency tuning range was only 3V2 MHz, providing far too little
modulation depth for frequency or phase modulation. The Mitsubishi 1300 nm laser di
odes studied are still appropriate for digital amplitude modulation.
The FSP time domain revealed a pulse stream of 75 picoseconds with approxi
mately 25
%
duty cycle. The pulse frequency and duty cycle remained constant over the
biasing region demonstrating the lack of pulse position modulation (frequency modula
tion). The pulse amplitude varied significantly providing for the use of digital FSP am
plitude modulation.
FSP modulation results in a complex mix of nonlinear amplitude and frequency
modulation. Weak SSP prevented the domination of FSP frequency modulation. The
strong feedback filter dependent tunable harmonic generation of FSP suggests possible
uses as an optical comb function generator or a repeating Q-switching pulse train gen
erator.
Page#40
4. Conclusions
1300 nm Mitsubishi laser diodes were found to display weak SSP characteristics.
Low amplitude and broad linewidth ("300 MHz) SSP prevents effective amplitude or fre
quency modulation. The SSP frequency was found to vary with a cube root of 1^,.
The introduction of Feedback Sustained Pulsation(FSP) provided a narrow
linewidth (10 kHz) microwave carrier with
95*
modulation depth. FSP contains signifi
cant high-order harmonics. FSP amplitude variation is highly nonlinear and therefore in
compatible with analog amplitude modulation. Digital FSP amplitude modulation is still
possible for many applications. FSP frequency modulation of these laser diodes proved
too shallow for use in communication networks. A stronger SSP laser diode would bene
fit from reduced linewidth and still display acceptable frequency modulation characteris
tics.
A critical relation of the feedback power required to maintain FSP was identified
experimentally. This relation can be used to explain the poor performance of weak SSP
laser diodes when implemented in an FSPmodulation scheme.
The harmonic contents in FSP were analyzed. Experimental graphs allow as
sessment of harmonic contents and CNR ratios. High-order harmonics were minimized
but only in a limited bias current regime.
In conclusion the Mitsubishi 1300 nm ML7011R laser diodes are not acceptable
for SSP communication and must be restricted to digital AM SCM communication net
works. It is the author's opinion that other 1300 nm laser diodes can still produce strong
SSP and FSP modulations. This opinion is based on previous 780 nm work and the un
derstanding that SSP characteristics are strongly affected by fabrication methods.
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5. AppendixA: Microwave Filter Design
Microstrip microwave filters were designed and implemented in early stages of
this research. The microwave filters were used in the feedback loop. This appendix
documents the microstrip filter design and results.
5.1 Part I: Low-Pass Filters
The design process of a microstrip low pass filter, as discussed in this appendix,
begins with an electrical RLC circuit. This discrete component circuit is then converted
into a distributed component waveguide equivalent. The RLC values chosen depend on
the desired filter profile. This appendix focuses on "Equal Ripple" filters with a "0.5 dB"
flat band ripple. Such filters have a sharp attenuation after the cut-off frequency. Like-
MaxunaDy Flat
N = 5 w
1.0 2.0 3.0
Frequency (GHz)
1.0 2.0 3.0 4.0
Frequency (GHz)
Figure 5-1 : a) Amplitude response comparison of linear phase, minimally flat, and equal-ripple filters, b)
Phase response23
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wise the phase response is far from linear. The amplitude and phase responses can be
evaluated in Figure 5-1 & Figure 5-2.
The order of the filter is propor
tional to the slope of attenuation. The
higher order filters are created by cas
cading several RLC stages. Figure 5-2
illustrates the effect of varying the filter
order. Higher order filters require more
strict design parameters and can be diffi
cult to manufacture without second order
effects becoming problematic. The first
CD
c
g
CO
3
C
<x>
(UM C.Q2 0D3 COS D.07 0.10 0.20 0-30 5.0 7.0 ',0.0
Figure 5-2: Attenuation of signal amplitude with rela
tive frequency for several filterorders.23
step of the design requires determination of acceptable roll-off from the filter cut-off fre
quency. For example, if one were designing a low pass filter to cut off at 3 GHz with no
less than 30 dB attenuation at 4
^71GHz, then
CD
0).
1 1-1 | - A 6th
order filter is the lowest order fil
ter that satisfies the design re
quirements. Implementing the
lowest order filter design will
minimize physical constraints in
filter construction.
Rather than working out
all of the impedance values
c
o
CD
C
CD
5 10 15
Frequency (GHz)
20
needed to attain the desired filter FiSure 5"3: Lum^cd &Debuted filter responses for a
3rd
order 4 GHz low-pass filter.
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order Table 6-A provides the normalized component values. Notice that higher filter or
ders require more resonant sections and closer reactance values. The normalized values
will be scaled by the cutoff frequency and waveguide impedance values. Table 6-A pro
vides the impedance values for a low-pass filter. The same values can be converted to
other filter types such as high or band-pass using established transformations.
N g,
Table 6-/
g,
\.: Equal
g,
Upple Normalized Filter Component Values: 0.5 dB Ripple
'
tu fe> fefi S- feu feo em g
1 0.6986 1.000
4 1 i i , . .
2 1.4029 0.7071 1.9841 L_
3 1.5963 1.0967 1.5963 1.000
1 1
i i
1 1 1
4 1.6703 1.1926 2.3661 0.8419 1.9841
i
5 1.7058 1.2296 2.5408 1.2296 1.7058 1.000
6 1.7254 1.2479 2.6064 1.3137 2.4758 0.8696 1.9841
7 1.7372 1.2583 2.6381 1.3444 2.6381 1.2583 1.7372 1.000
8 1.7451 1.2647 2.6564 1.3590 2.6964 1.3389 2.5093 0.8796 1.9841
9 1.7504 1.2690 2.6678 1.3673 2.7239 1.3673 2.6678 1.2690 1.7504 1.000
10 1.7543 1.2721 2.6754 1.3725 2.7392 1.3806 2.7231 1.3485 2.5239 0.8842 1.9841
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5.1.1 Step *1: Discrete Low-Pass Filter
The low-pass microstrip filter designs will be a third order filter (N=3) for several
reasons of symmetry. It is desirable to choose an odd filter order so that the first and last
impedances are both one (Pv. is implicitly 1). These load impedances must match the
characteristic impedances of the input and output waveguides to minimize reflections. A
'T'
network with one capacitor satisfies another symmetry restriction which becomes sig
nificant for microstrip implementation. From Table 6-A four values of
'gn'
are found.
These values are the reactive impedances for the inductors and capacitors that will form
the resonance circuit. The normalized table values are provided for a low pass filter as
shown in Figure 5-4.
The basic form of the 'T' resonance low-pass filter circuit is well known. The reactive
filter is composed of a parallel capacitor surrounded by two series inductors. The source
and load resistors will be the characteristic impedances of the coaxial waveguides. Each
'gn'
represents a different reactance,
'L'
or 'C.
These normalized impedances must be translated to the desired inductor and ca
pacitor values. The actual lumped inductor and capacitor values for a low-pass filter are
obtained as follows:
Figure 5-4: Generic
3rd
order normalized T network low-pass filter.
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cN =
8N
2no)c Z0 (5.1.1-1)
2;r<a
where
'Zo' is the characteristic impedance of the waveguide connected to the input and
output of the filter (50 Q co-axial cable in this case.), and
'<yc' is the cut-off frequency of
the low-pass filter.
The lumped element version of this low pass filter with a cut-off frequency of 3
GHz is shown in Figure 5-5. Capacitance values are commonly available in surface
mount components. The inductor values, however, are difficult to make in surface mount
form and often are implemented with one inch wire coils which have complex interaction
with the filter cover and other physical filterproperties.24Such a system is difficult to
create without extensive experimentally derived empirical measurements. Microstrip im
plementation of this filter was farmore practical for use in this thesis.
Figure 5-5: Lumped element 3rd order 3 GHz low-pass filter.
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5.1.2 *2: Richard's Transformation
Figure 5-5 depicts an impractical lumped element low-pass filter. Richard's
Transformation (Figure 5-6) can be used to convert the lumped reactances into
waveguide section
reactances.23
The phase shift imparted by the electromagnetic field
resonating within the transmis
sion line section provides the
same effect as its lumped element
equivalent inductance or capaci
tance.
The capacitive open cir
cuit
'stubs'
are pointing out of
the page in Figure 5-7. Note that
the cutoff frequency is set by the
length of the 'stubs'. This feature
introduces a cyclical nature to the
passband of the filter. A frequency of twice that of the intended cut-off frequency will
see a Va wave coupling filter and will provide a second cut-off frequency. The result is a
periodic filter as illustrated in Figure 5-3.
=?
<r-
-f
o><*
g. i ShortCircuit
Z Q
L
r
j fen
< f-@<we >
on ^
Open
Circuit
Figure 5-6: Richard's Transformation from lumped element
reactances to distributed transmission line segments or 'stubs'.
Figure 5-7: Distributed Transmission Line Segment or 'Stub' 3rd order 3 GHz low-pass filter.
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5.1.3
_Step
*3: Kuroda's Identities
The circuit shown in Figure 5-7 is still not easily implemented in microstrip for
mat. The inductive 'stubs' would have to sick directly up into the air, perpendicular to
the printed circuit board (PCB).
Kuroda's Indenties23 can be used
to convert reactive components
from series to parallel.
Using the identity illus
trated in Figure 5-8 the trouble
some series inductors can be con
verted to a series impedance and a
parallel capacitance. The imped
ance Z, in Figure 5-8 is a
'borrowed' V8 length of Rs. Rs is
the intrinsic impedance of the
waveguide and CO-ax cable feeding Figure 5-8: Kuroda's Identity converts series inductors into
_, . _, parallel capacitors which are easily implemented in ami-
the input into the filter. All filter
erostrip filter.
impedances have been normalized
to this characteristic impedance, therefore Rf = l.
. z,
*
Z,
jwm^
q z,-|- q2Z,
<-L-|
gs
It
L
1 q2g
= 1+ir6N @0)c
Omm
L=^1^ o
-
1+g, l+g3
c
Omm
1 + l+-t
Figure 5-9: Normalized
3rd
ordermicrostrip 3 GHz low-pass filter.
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5.1.4 Step *4: Scaled Component Values
The circuit shown in Figure 5-10 is easily implemented with microstrip. The
source and load impedances are created with a copper trace whose width provides a char
acteristic impedance of Zo. The ground plane of the printed circuit board (PCB) provides
the voltage return. The parallel resonators are now connected by calculated impedances.
Rs = z.
Omm
--
L=^L~8
Z + gi z0 ZQ + g3 z0
.. Omm.
zn +
Js3
"
^2. ZQ ^o
zn
Figure 5-10: 3rd order microstrip 3 GHz low-pass filter schematic.
Figure 5-11 shows the low-pass filter in layout form. The filter design can begin
at this point (Step *4), skipping steps *1 -* *3. The gn values are chosen from a normalized
filter table providing the filter transmission
characteristics.25
Zo is chosen to match the
co-ax characteristic impedance used to attach the filter. Finally scale all the segment
lengths to Vg of the cut-off frequency(coc). The lengths ofRs and Rload are not significant.
^^^^Rs-Zq^^^H_| Z0
+ gvZQ A) "*" g3A> i
Rii-Z0
Zo 2
Zo+X i
- 7 + Zo
g3
All Segments are
of length
J_@<yc
Figure 5-1 1 : 3rd order microstrip 3 GHz low-pass filter copper trace layout.
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5.1.5
.Step
#5: Copper Width Calculation
The last step in the fabrication of the microstrip low-pass filter is to calculate the
copper widfh(W) resulting from a particular transmission line impedance. Wheeler's
equations are typically used for this calculation and a convenient from is provided as
equation
5.1.5-123
when < 2 :
d
when > 2 :
d
W =
%deA
e2A-2
W =
2d
n
B-l-ln(2B-l)+^- ln(5-l)+ 0.39-
(5.1.5-la)
(5.1.5-lb)
where:
60 V 2 e+1
/
0.23+
0.11
V
B =
2,1171
d = PCB dielectric thickness.
er = Relative permittivity of the PCB dielectric.
Zn = Characteristic impedance of copper trace ofwidth 'W
(5.1.5-2a)
(5.1.5-2b)
Since the trace width shrinks with increased impedance ( 5.1.5-lb ) is appropriate
until the impedance causesW<2d. For larger impedances ( 5.1.5-la ) is more accurate.
The resonator lengths(L) are V, of the wavelength(A) of the electromagnetic signal
at the cut-off frequency(fc). Since the electromagnetic waves do not travel at the speed of
Page "50
light in the copper the effective permeability is used to calculate the phase velocity(vp).
The copper segment length is then defined by equation 5.1.5-3.
L = -?- = -== (5.1.5-3)
/
%=-=+ i (5.1.5-4)
2. 1 +
For the purpose of these experiments eff was only used to calculate L. Wn of 50Q
was used for all the length calculations. More accuracy can be obtained be replacing ecB
for r everywhere in equations 5.1.5-1 and 5.1.5-2. The equations are computationally
intensive due to the added reference to the final trace width Wn, Note, the lower the di
electric of the PCB the wider will be the traces for a particular impedance. Therefore
choose the lowest available dielectric PCB to minimize trace width error.
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5.1.6
_Step
*6Example
Microstrip filters were constructed by the author for use in the feedback loop per
formed experiments. Simple PCB wet-etch techniques were used and trace width and
spacing were thereby limited.
The PCB '/ = 2.33, and
'd'
= 635 /mi. Z0 was set to 50 Q to match the co-ax ca
ble and other microwave components. In an attempt to increase the off-band extinction a
fifth order filter was attempted. This is not recommended and caused significant
2nd
order
distortion due to the necessary addition of one non-symmetrical filter segment.
Table 6-B: Low-Pass Filter Example Values (3 GHz)
Filter
Section g z.(3> W(mm) e*
L (mm)
3 GHz
''Error
From 50 Q
la 1.7058 79.32 0.872 1.878 9.12
2.2*
lb 135.29 0.249 1.783 9.35
4.6*
2 1.2296 40.66 2.545 2.000 8.84
0.9*
3a 2.5408 177.04 0.024 1.741 2.47
5.8*
3b 69.68 1.110 1.902 9.06
1.6*
4 1.2296 40.66 2.545 2.000 8.84
0.9*
5a 1.7058 135.29 0,213 1.783 9.35
4.6*
5b 79.32 0.866 1.878 9.12 2.2*
6 1.00 50.00 t.886 1.961 8.92
0*
Figure 5-12 shows the three low-pass microstrip filters manufactured. There is a
thick horizontal section in each filter between segment 3b and 4 which is not detailed in
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Table 6-B. Creating a third order filter
avoids this problem. The addition of
the extra segment deteriorated the filter
response as shown in Figure 5-13. It is
recommended that future designs are
restricted to third order filters. An im
pedance of 50i2was chosen for the ex
tra segment.
4 GHz
5 GHz
Figure 5-12: Copper trace layout of 5* order microstrip
m, j. , . . c low-pass filters.The frequency characteristics of v
two
5th
order low-pass filters are
shown in Figure 5-13. The cut-off
frequency is too high due to an incor
rect calculation of the resonator sec
tion lengths. The incorrect calcula
tion has been corrected in this docu
ment. The second order effects from
the non-symmetrical nature of the
5th
order implementation can be seen to
cause a transmittance dip near the
cut-off frequency. The network ana
lyzer used was not able to sweep to a
high enough frequency to see the
pass-band rise back up at 2o)c and the
second stop band beginning at 3<yr.
These wide passband regions were
observed with a spectrum analyzer.
a) Frequency (GHz)
b) Frequency (GHz)
2 3 4 5
-i i i I i i i i I i i i i | i i i i \
Figure 5-13 : Frequency map of 5 order microstrip lowpass
filters, a) intended <uc of 3 GHz b) intended coc of 4 GHz
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5.2 Part II: Band-Pass Filters
The previous low-pass filter design is in fact a wide band-pass filter. The design
can be modified to attempt a narrow band pass filter, but the impedance values become
unreasonable and
2nd
order effects dominate. Abetter form of a narrow band-pass filter is
the Parallel Coupled Band-Pass Filter.26 This filter is constructed of pairs of lA wave
AC coupling segments as shown in Figure 5-14. The number of segment pairs is twice
the filter order. Unlike the simpler low-pass filter, these filters are not restricted in filter
order due to symmetry. The maximum filter type which can be implemented will be di
rectly restricted to the resolution of the etching process.
w Wx 4
w2
wt
W0
Si W2
Wx s2
w2 s2
w2 Si
<
2
wx
Figure 5-14: Va wave parallel coupled band-pass filter structure.
The frequency extinction will again be
much higher than predicted by Figure 5-2 on page
43. As in the low-pass filter case, this greater ex
tinction ratio is accompanied by a repetition of
'harmonic'
passbands. As a result it is often use
ful to follow a microstrip band-pass filter with a
microstrip low-pass filter. The approximations
used in this filter derivation assume a bandwidth
(A) of
10*
or less. For broader band-pass filters,
other implementation structures should be used.
0
["\
10 \ \
B5
D j \
c 20
-**
m
a
30
**
<
- / \
40 -
/ \
50 / \
0.5 0.75 1.0 1.25 1.5
Frequency (GHz) :
Figure 5-15: Frequency extinction of a par
allel coupled band-pass filter.23
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5.2.1 Step *1: Filter Type
Table 6-A is again used to obtain the normalized impedance values for an Equal
Ripple Filter. The following design will implement an Equal Ripple filter design. The
following design process takes into account the fact that the normalized table is for a low-
pass filter, and transforms the reactance values appropriately. The lA wave parallel cou
pled band-pass filter implementation is not restricted to a third order filter. However
higher order filters contain coupled strips which are either too thin or too closely spaced
for available lithography. Increasing the dielectric of the PCB will widen the couple line
trace thickness, but narrows the spaces between the strips. Refer to Figure 5-14. Thus an
optimal PCB board dielectric strength will exist for a particular filter profile and order.
5.2.2 Step s2: Low-Pass to Band-Pass Reactances(ZgJJ
Once the filter order has been determined, Table 6-A provides "N+l" 'gn' values,
where
"N" is the filter order. These 'gn' values are supplied for a low-pass filter. The
following equations convert the 'gn's into band-pass filter reactances.
(5.2.2-la)
Z0Jn =
f*A
n=2,3, ..., N ( 5.2.2-lb )
2VSSn-i
= U^_ N
\28n8n+l
Z0 Jn+l - = filter order ( 5 lc )
where: A =
*"** ^
(5.2.2-2)
Q)0
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5.2.3
. Step *3: Odd andEven Coupling Impedances(Z0e and Z0J
A complete solution of the coupling equations of the coupled lines shown in
Figure 5-14 require the separated analysis of odd and even modes propagating through
the Each value of Z0Jn will be separated into a value ofZ^ and Z^. Thus a
total 2(N+1) values will be found for an
N*
order filter.
Z0f=Z0[l +Z07+(Z0/)2] forn=l,2,...,N, N+l
Z0o=Z0[l-Z0/+(Z0/n)2] fbrn=l,2,...,N, N+l
(5.2.3-1)
(5.2.3-2)
5.2.4 Step *4: Odd and Even Coupling Widths (W0 & W)
The reactances provided in Step "3 are converted to coupling widths by Wheeler's
Equations. This is the same form ofWheeler's Equations that were used for the low-
pass filter and are repeated here for convenience. The provided equations have a sub
script "s". This subscript is changed to an "o" or "e" when calculating the coupling width
of the
'odd'
or
'even'
mode impedance.
when
Wr
<2: Wc =
%de is
2*s
_2
Wr 2d
when > 2: ws=
d n Z?s-l-ln(25-l)+^lln(B,-l)
+0.39--^p
(5.2.4-la)
(5.2.4-lb)
where:
60 \ 2 er + l{ er )
Bs =
60^
d = PCB dielectric thickness.
er = Relative permittivity of the PCB dielectric.
Z^ = Characteristic impedance of copper trace of width
'
Ws
( 5.2.4-2 )
( 5.2.4-3 )
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5.2.5 Step *5: Trace & Gap Width (WN& SJ
The odd and even coupling widths solved for in Step #4 assume that separate trace
widths are possible for each even and odd mode propagation. In reality these two modes
travel across the same copper traces and
spaces.26The equations for resolving the
'odd'
and
'even' impedances into two traces widths separated by a space is provided below.
The pair of transcendental equations (5.2.5-1 & 5.2.5-2) must be solved numerically.
and;
/
2d v.-if2h-k+ l')W, = cosh'"
Jt \ Jfc + 1 J
(5.2.5-1)
when e >6 W=
cosh-1(2h-k-V\ 1 ._,(, Wn+ cosh 1+ *
k-\ J n [ S. (
5.2.5-2a )
when <6 W, = cosh
' \+. r cosh ' 1 +2=-
" { k-l ) n[\ +\) { SJ
( 5.2.5-2b )
where: k = cosh
K2d ",
( 5.2.5-3 )
h = cosh
yd
" 2d
"
j
(5.2.5-4)
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5.2.6 Step *6: Example
A fifth order equal ripple filter was designed by the author for use in this thesis.
The calculated filter values are presented in Table 6-C.
PCB parameters were as follows;
Z0 = 50 Q ( Characteristic impedance of coupled components )
r = 10.2
d = 635 *
10"'
A = 0.1
( Relative permittivity of PCB )
( PCB dielectric thickness )
( Ten percent bandwidth )
Table 6-C: 4 GHz
5th OrderMicrostrip Band-Pass Filter Example
N g ZJ
Zfc z^
Ohms Ohms
(wAl | (V*)0 mm mm
1 1.7058 0.3035 69.78 | 39.43 1.794 | 4.198 0.2146 0.4782
2 1.2296 0.1085 56.01 45.17 2.549 \ 3.486 0.7232 0.5953
3 2.5408 0.0889 54.84 | 45.95 2.632 3.402 0.8720 0.6036
4 1.2296 0.0889 54.84 45.95 2.632 3.402 0.8720 0.6036
5 1.7058 0.1085 56.01 45.17 2.549 | 3.486 0.7232 0.5953
6 1.0000 0.3030 69.78 39.43 1.794 4.198 0.2146 0.4782
The filter segments are tuned by setting the length(L) equal to lA the wavelength
of the signal at the cut-off frequency. The segment length depends on the trace width
(and therefore impedance). These filters were constructed using a nominal width corre
sponding to Z0. The segment lengths could have been varied by as much as 0.1 mm for
the numbers in Table 6-C.
L =_ p _
4/ 4/Jc,
(5.2.6-1)
eff
er + l
'eff
- + -
2.1+
\2d
( 5.2.6-2 )
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This filter was manufactured at 3, 4, and 5 GHz. the corresponding values of
'L'
are 9.526 mm, 7.144 mm, and 5.715 mm respectively. The actual filter mask is shown in
Figure 5-19.
A high dielectric PCB was used to widen the gaps between lA wave coupled reso
nators. The trade off is thinner copper traces. Figure 5-19 shows the network analyzer
response of the microwave filters.
The filters were found to be relatively immune to interference from nearby con
ductors unless the traces were actually touched. The 3 GHz trace of Figure 5-19 shows
the
'Harmonic'
nature of these bandpass filters.
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Figure 5-16: 5 ordermicrostrip bandpass filters.
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Figure 5-17: Frequency map of the 3GHz
5th
or
der microstrip bandpass filters.
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Figure 5-18: Frequency map of the 4 GHz 5 or
der microstrip bandpass filters.
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Figure 5-19: Frequency map of the 5GHz 5 or
dermicrostrip bandpass filters.
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6. Appendix C: Fiber Optical Power Measurements
It is convenient at times to translate
the spectrum analyzer and oscilloscope
measurements to the optical scale at the
fiber optic output. The first step in this
process is to back out the microwave am
plifiers from the instrument measurements.
This step is illustrated Figure 6- lb which
also removes the DC offset of these ampli
fiers. The Photodiode is AC coupled but
provides a separate output for recording
the DC component. This DC is added
back to the signal in Figure 6-lc. The fi
nal step is to perform a voltage to power
conversion using the photodiodes conver
sion gain which is supplied with the cali
brated photodiode. The final power signal
is shown in Figure 6- Id.
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Figure 6-1: Translated FSP temporal signals.
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